e characteristics of long-period ground motions are of significant concern to engineering communities largely due to resonance-induced responses of long-period structures to far-field long-period ground motions which are excited by the existence of distant sedimentary basins. Classifications of records enable applications of far-field long-period ground motions in seismology and engineering practices, such as attenuation models and dynamic analysis of structures. Accordingly, the study herein aims to develop an approach for identifying the far-field long-period ground motions in terms of the later-arriving long-period surface waves. Envelope delays derived from phase derivatives are employed to determine the later-arriving long-period components on the basis of phase dispersion. A quantitative calibration for long-period properties is defined in terms of the ratio of energy from later-arriving long-period components to the total energy of a ground motion. In order to increase the accuracy of candidate farfield long-period records caused by sediments, recording stations within basins or plains are collected from the K-NET and KiKnet strong-motion networks. Subsequently, the motions are manually classified into two categories in order to form a training dataset by visual examinations on their velocity waveform. e two predictive variables, including the corner frequency obtained from envelope delays and the corresponding energy ratio, are used for the establishment of the classification criterion. Furthermore, the analysis of classification results provides insight into the causes for discrepancy and verifies the effectiveness of the proposed method. Finally, comparisons of the mean normalized acceleration response spectrum with respect to the predictors, as well as the local site effects, are performed.
Introduction
Far-field long-period ground motions result in the resonant shaking of long-period structures to an extent which is in excess of that predicted based on the intensity of the motions. It is well documented that the primary causation of resonantinduced responses during the 1985 Michoacan earthquake may be attributed to far-field long-period motions; structures in Mexico city (located approximately 400 km to the epicenter) were damaged to a more significant degree than those adjacent to near faults. Hereafter, a number of studies on farfield long-period ground motions have been conducted in the realms of both engineering and seismology. Subsequent events, such as 1999 Chi-Chi, 2003 Tokachi, 2004 off peninsula, 2008 WenChuan, and 2011 Tohoku earthquake [1] [2] [3] [4] , have permitted researchers to recognize the vulnerability of structures with an intrinsic long-period to far-field long-period motions, even if their amplitude is relatively small at distant sedimentary layers. Generally, far-field long-period motions are mostly distinguished themselves by the presence of later-arriving surface waves, consisting of long-period components, which are manifested in the form of the sinusoidal waves in a velocity time series [5, 6] . Furthermore, the performance of high-rise buildings subjected to far-field longperiod motions was investigated considering the inclusion of the effects of SSI, suggesting that long-period surface waves make the significant contribution to structural responses relative to that from body waves [11] .
Compared with near-fault ground motions which feature distances normally confined to 50 km, as inferred from the literatures [6, 12] , the present paper is concerned with long-period ground motions which are generated in distant sedimentary layers. In consideration of "pulse-like motions" with long-period characteristics, as suggested by researchers [13, 14] , far-field long-period motions are denominated "long-period motions" in an attempt to differentiate two terminologies. On the contrary, ground motions with predominantly high frequencies are referred as "non-longperiod ground motions."
It is beneficial to enrich recorded collections of longperiod ground motions for the electronic database in practical studies. Specifically, a database of long-period motions for the purpose of conducting the assessment pertaining to long-period structures is available to engineers; furthermore, the prediction of whether a ground motion in a given seismic environment will contain laterarriving long-period surface waves is readily performed by seismologists. However, identification of long-period motions in past studies almost depends on individual judgments, and thus varied classifications from researchers give rise to an impediment in reproducing results associated with long-period properties due to the lack of a quantitative criterion.
As seen in Figure 1 (a), for example, the recorded velocity series, ILA056NS, Chi-Chi, M7.6, and earthquake, presents long-period surface waves in a series of full cycles. It is clear that such long-period waves arrive later than body waves which feature high-frequency components, thus extending the duration of the shaking process and further accounting for the increased amplitudes. In view of this, this motion is inarguably identified as a long-period ground motion. In contrast, a visual examination, allowing for the classification of TCG006NS from Iwate-Miyagi Nairiku, M7.2, earthquake, shown in Figure 1 (b), presents challenges due to an absence of apparent full cycles from the corresponding velocity-time history. Because of this, classifying such motion by means of visual examination seems ambiguous. e velocity-time history for HDKH06NS, Tokachi, M8, earthquake, shown in Figure 1(c) , is undoubtedly classified as a non-long-period motion due to the lack of visible long-period waves.
Knowledge of the mechanism of long-period ground motions is essential in order to permit the differentiation of their characteristics from non-long-period ground motions. In general, it is recognized that an appearance of surface waves by the conversion of body waves at margins of either basins or plains with sedimentary wave guides is an outstanding feature [5, [15] [16] [17] . In the vein of this notion, the schematic plot is presented in Figure 2 , which delineates variations in the velocity waveforms relative to the geological site.
is suggests that arrival times are dependent upon frequencies on the basis of phase dispersion. Additionally, path effect, mentioned in consideration of completeness but without discussing details herein, is treated as another factor [18] [19] [20] which results in amplifications of the surface waves over specific periods, accounting for overlapping of multipathing surface waves along propagation [5] .
However, considering complicated rupture processes and the trajectory of the source to engineering sites, it seems difficulties in collecting seismological information if the determination of long-period motions in practice is required. e quantitative criterion, therefore, is developed based on the analysis of the properties of long-period ground motions themselves rather than explorations over their origins based on seismological knowledge, which is beyond the scope of the present discussion. Instead, as inferred from the articles [5, 15, 20] , envelope delays derived from phase derivatives are capable of capturing variations of arrival times with frequencies. us, the influences of long-period surface waves on lengthening duration of ground motions are proposed [21] . Furthermore, the velocity structure pertaining to layered media with the aid of envelope delays is approximately formulated, and the reliability of the corresponding results is validated with reference to geological investigations [5, 22] .
In this article, the proposed method for the identification of long-period ground motions employs phase derivatives, by which the later-arriving long-period components (mostly consisting of long-period surface waves) can be detected. e rationale behind this method is manifested by the measurement of contributions from the later-arriving long-period surface waves to the ground motion in terms of energy. In this respect, the later-arriving long-period components in the frequency domain are obtained by the calculation of envelope delays, which indicate relative arrival time dependent on frequencies. en, a quantitative assessment of long-period characteristics relative to the ground motion is performed on the basis of later-arriving long-period components. e ground motions library of K-NET and KiK-net strong-motion networks, Japan, are used for collections of preliminary candidate long-period ground motions. e resulting quantitative criterion is proposed as the result of logistic regression. Furthermore, examinations of classification results are performed in order to verify the effectiveness of the proposed method. In addition, variations of longperiod properties from classifications are investigated by means of normalized acceleration response spectra.
Proposed Method for Identification

Envelope Delay.
It is documented that surface waves travel at a lower velocity than body waves, resulting in variations of phase arrivals which are frequency dependent [5, 20] . In relation to this, envelope delays calculated from phase derivatives [15] are adopted herein in order to facilitate the detection of long-period components.
Based on the theorem of Fourier transform, we can readily write a pair of equations as follows: Advances in Civil Engineering ω, the form can be written after performing the imaginary component operation:
Furthermore, equation (1) is substituted into equation (3) after differentiation of equation (1) with respect to angular frequency ω, and then equation (3) can be recast in the form as follows:
where
Finally, the mathematical expression for phase derivatives by simplification of equation (4) is given as
It is worth noting that equation (5) implies the centroid time of an angular frequency ω over the entire time series. In essence, it represents the relative arrival time of a particular angular frequency ω. us, variations in relative frequencybased arrival times can be estimated using frequency-dependent envelope delays in the context of phase dispersion [15, 21] .
In order to illustrate the difference between envelope delays in terms of velocity waveforms, two examples are shown in Figure 3 . e velocity time series for CHBH12NS, Tohuku, M9, earthquake and corresponding envelope delays derived from its acceleration time series are shown in Figure 3 (a) and Figure 3 (b), respectively. It is found that the differences in arrival times are particularly obvious at between frequencies lower than 2.12 Hz and above, as is consistent with the observations which indicate that the long-period surface waves arrive later relative to high frequencies in Figure 3 (a). In contrast, Figure 3 (d) for the record ISK004EW from Niigataken Chuetsu-oki, M6.8, earthquake shows that arrival times for low frequencies are not as sensitive as those from CHBH12NS. However, from the two examples, it is clear that the majority of arrival times for high frequencies coincide with the time point at which the peak value of their time history occurs.
According to the observations delineated in Figure 3 , a trend is derived pertaining to the sensitivity of envelope delays to low frequencies which mostly account for laterarriving surface waves, while arrival times corresponding to high frequencies are correlated substantially with the time wherein the peak value occurs. us, herein a two-piecewise frequency function is adopted in order to capture envelope delays, as similarly suggested by Boore [15] . Arrival time t(f) dependent on frequency is given as
where the frequency variable is attained from f � w/2π; the corner frequency f corner is used to identify the components which exhibit arrival times with sensitivities to low frequencies; correspondingly, t(f corner ) represents the arrival time for the majority of high-frequency components by the assumption that their envelope delays are insensitive to frequencies; the coefficient α reflects the change of arrival times in terms of frequencies lower than f corner ; and the constant β is used to ensure the mathematical significance of the frequency-based function, especially as the limit of ln(·) tends to exhibit negative infinity when the variable of frequency approaches zero. It is necessary to note that the plots for envelope delays in this paper are illustrated in the form of arrival times (sec) and frequency (Hz) on the abscissa and ordinate, respectively, in an attempt to make satisfactory comparisons with the corresponding time series. e least squares approximation considering the weight function is introduced for the purpose of obtaining the coefficients of α, β, f corner , and t(f corner ) by minimizing the integrated square difference between actual envelope delays t ∧ (f) and the assigned model t(f), so the objective function α ∧ is expressed as
where f u is the upper cutoff frequency and B(f) represents the weight function calculated from amplitudes A(f) at frequencies f. With reference to equation (6), phase derivation is linked to the amplitudes A(2πf), and the introduction of weight function facilitates the elimination of bias towards the formation of the curve of envelope delays. In addition, parameter constraints are required to ensure that the fitted parameters are within the physically defined limits, α is confined to (0, −71] in this paper following a multitude trials; f corner is limited to (0, 15 Hz] in order to account for frequencies of interest.
Energy
Ratio. e envelope delay describes the frequency component of the time evolution because of natural dispersion caused by surface waves. However, there is an existing problem associated with how the characteristics of later-arriving long-period components can be presented in the form of energy relative to high-frequency components. It is clear that geological effect, including basins or plains, accounts for amplifications of the long-period motions over long periods.
us, the intensity of later-arriving surface waves can be estimated via the measurement of energy relative to the total energy of the motion.
Following this line, the later-arriving long-period amplitude A l should meet the following two criteria: (a) the frequency is less than the corner frequency f corner and (b) the corresponding value of arrival time t(f) is greater than that of t(f corner ). is means that later-arriving long-period amplitude A l is a function of the frequency f and the arrival time t(f). In order to illustrate this, the lower-right quadrant which is a representative of A l is marked in each of the figures related to envelope delays. e amplitudes A l for the later-arriving long-period components are written as
Accordingly, the ratio of the sum of the squared amplitudes A l , obtained from the later-arriving long-period components, to the total energy of the ground motion in the frequency content is defined as the energy ratio E ratio :
where amplitudes A(f) are derived from the Fourier transformation for a ground motion, N is a representative of the total number of amplitudes of a ground motion in the frequency domain, and n corresponds to the number of later-arriving long-period amplitudes A l . As shown in Figure 3 (b), the lower-right quadrant indicates that the energy ratio E ratio for the recording CHBH12NS is 0.683, coupled with the corner frequency of 2.12 Hz. In stark contrast, Figure 4 (d) indicates E ratio of ISK004EW at an extremely small value of 0.0039, with its corner frequency equating to 0.64 Hz. e large difference in energy ratios between the two records is consistent with the variations exhibited in velocity-time series. It is suggested from the comparison that the energy ratio E ratio provides an assessment of the intensity of the later-arriving long-period components relative to the ground motion in terms of energy. Advances in Civil Engineering 5
Ground Motions
For the purpose of classifications, it is necessary to collect a database consisting of long-period and non-long-period ground motions. K-NET and KiK-net strong-motion networks are used herein as sources of long-period and nonlong-period ground motions. Figure 4 shows a map linked to recording stations within either sedimentary basins or plains in Japan. It is known that K-NET and KiK-net strong-motion networks provide detailed information regarding these sites, wherein geological effects allow for the excitation of long-period motions. In light of this, the recording stations marked in Figure 4 were deliberately chosen on the basis of the provision of geological information (http://www.kyoshin.bosai.go.jp).
is step improves the selection accuracy of long-period ground motions caused by geological effects. According to the guidelines of the NEHRP (National Earthquake Hazards Reduction Program), local site classifications are obtained after calculating v 30 (average shear-wave velocity of a profile up to 30 m) for each site. In this regard, of approximately 267 checked stations which are distributed over the sedimentary sites in Figure 4 , the numbers of soil conditions for C, D, and E are 98, 141, and 28, respectively. e events which are of concern to seismologists and engineers [2] [3] [4] 23] reveal the fact that long-period ground motions enable long-period structures to excite resonant responses. In relation to this, the events with magnitudes greater than M6.5 and focal depths below 45 km are listed in Table 1 , with each epicenter marked in Figure 4 . e premise for setting the minimum magnitude and depth is that large seismic magnitudes can maintain intensity significant enough to trigger substantial structural responses at distant sources and shallow events are prone to excite surface waves, which are amplified in deep sedimentary basins [24] .
Besides, in order to further ensure the quality of individual records at long-period range and reduce variations as much as possible, certain limited conditions were also implemented as follows: (a) recordings with peak ground acceleration PGA ≥ 1.5 cm/s 2 were selected, and it is deemed that structures subjected to the recordings with such intensities may result in structural responses of interest. (b) In order to eliminate pulse-like motions, recording stations with hypocenter distances within 50 km were excluded [6, 12, 25] . (c) Horizontal histories were selected from recording instruments, which were either embedded in near surface layers or mounted in free fields, accounting for the presence of surface waves in close proximity to ground surface. (d) Selected histories should begin with either P or S waves in order to obtain sufficient duration containing surface waves. (e) Signal processing was employed by a band-pass filter between 0.05 and 25 Hz.
It is possible that the multipeak envelope in accelerationtime histories results in a deviation in the determination of the parameters during the fitting process. is is due to the fact that the proposed model herein for envelope delays involves a two-piecewise function. For example, IBR001NS, Tohuku, M9, earthquake displays unusual envelope delays, as presented in Figure 5 , these are primarily attributed to the successive occurrences of large fault ruptures [26] ; the proposed model fails to accurately predict corresponding envelope delays.
us, the exclusion of this type of the motions from the training dataset was performed in order to reduce error.
As a result, the number of records which meet the above requirements is 748. Note that in consideration of complicated mechanisms varying from events, it is possible that the number of records for each station is unevenly distributed.
Furthermore, due to the lack of a quantitative definition of long-period motions, it is essential that we manually identified waveforms of the velocity-time series by means of visual inspection. A similar process was also carried out in works regarding identifications of pulse-like motions [13, 14, 27] . Accordingly, 264 records were manually classified as long-period motions against 484 non-long-period motions.
Classification of Long-Period Ground Motions
Criterion of Identification by Logistic Regression.
is section is concerned with the establishment of a quantitative criterion, which aims to determine whether a given record is a long-period ground motion possessing sufficiently large amount of energy at frequencies below its corner frequency. us, two predictive variables including the energy ratio and the corner frequency are chosen, as they provide a quantitative assessment of long-period characteristics. e works [13, 28] pertaining to the quantitative classification of pulse-like motions suggest that logistic regression [29] has the potential to enable the classification of long-period motions if we choose variables associated with its long-period characteristics. In this regard, the training dataset was built in the form of the corner frequency and the energy ratio for each candidate record, after performing manual classifications for long-period and non-long-period motions, respectively. As the result of binary classification implemented by SPSS software, the predictive formula is given as follows:
It is understood that this formula provides an estimation of the likelihood that a given record is a long-period motion on the basis of statistical theorem. us, the predictor takes values between 0 and 1 to assess the likelihood of a longperiod ground motion. In order to obtain the coefficients of the formula, we assign a threshold value, from which regression classifications should reproduce manual classifications as much as possible [13] . In view of this, the value of 0.8 is determined such that the regression results pertaining to the non-long-period motions are consistent with the manual classifications.
Consequently, a scatter plot of the predictive variables used for classifications is displayed in Figure 6 , and the corresponding predictors for identified long-period ground Advances in Civil Engineering 7 motions are listed in Table 2 . e classification results from the predictor formula are listed in Table 3 . Of the ground motions manually classified as long-period motions or nonlong-period motions, 95.2% were classified in the same manner by the formula and 4.8% were misclassified. Furthermore, it is found that about 86.4% (228 out of 264) were labelled as long-period motions and approximately 100% (484 out of 484) remained classified as non-long-period motions. In view of the fact that two discrete classifications were determined by continuous predictors, it is possible that, in some areas, there is an occurrence of overlap between long-period ground motions and non-long-period ground motions. As inferred from Figure 6 , the records whose initial long-period classifications were not reproduced by the formula are distributed along the border (the black line in Figure 6 ). However, we can assume from the plot that if a ground motion has a high energy ratio coupled with a low corner frequency, the likelihood of identifying a long-period motion increases significantly. Figure 7 shows the distribution of identified long-period ground motions with respect to site classifications and epicentral distances. Of the 228 records which are identified as the long-period ground motions by the predictor formula, the numbers for C, D, and E sites are 52, 129, and 47, respectively. In addition, the records with epicentral distances between 100 and 300 km are very available; however, beyond this range, records are mostly from Tohuku, M9, earthquake, with mostly clustered distances between 400 and 500 km. It is deemed that effects of long-period ground motions during megaearthquakes could not be ignored even if epicenter distances exceed 500 km [30] . In this regard, it is noteworthy that such long-period ground motions are not often incorporated into the design spectrum for high-rise buildings [31] because engineering designs are driven by the expected magnitude of the earthquake and the distance to near faults. erefore, it is recommended that the influence of longperiod motions triggered by large faults on long-period structures at distant sedimentary sites should be taken into serious consideration.
Analysis of Classification
Results. In order to estimate the effectiveness of the proposed method for the identification of the long-period motions, the examinations pertaining to discrepancy are performed in some cases, in which a manual review of long-period motions was not reproduced by using the proposed method.
e process pertaining to the truncation of a portion which is mainly composed of later-arriving amplitudes is detailed in the following, as is similar to the studies [5, 15, 32] . Firstly, in the context of phase dispersion, the portion of a record is truncated from its complete record later than its an arrival time t(f corner ); besides, a filter with a high-cut frequency of f corner , as suggested by Boore [15] used for processing strong motions, is employed in order to remove the components with frequencies larger than the corner frequency f corner (in essence, this possibly removes body waves). e aforementioned two steps ensure that the later-arriving long-period amplitudes are in the presence of a truncated wave, thus allowing the examination whether the identified long-period motions are in accordance with the anticipated features. Figure 8 shows six samples (positive records) of longperiod motions which are identified by using the proposed method. Each sample has three subplots, including a velocity-time series, a velocity response spectrum, and envelope delay. Generally, it is seen that the truncated waves play a dominant role in determining broadband long-period characteristics of long-period ground motions as the whole, as each velocity spectrum of the truncated waves is consistent with the corresponding spectrum of the complete records over longer periods larger than 2 sec. Broadband long-period characteristics indicate that the later-arriving waves appear to be dispersive, accounting for multiple dominant periods in each velocity spectrum.
On the contrary, five samples (false positive records) whose long-period characteristics were not reproduced by using the proposed method are illustrated in Figure 9 . In view of causation of the discrepancy, the five samples are separated into two groups. e first group contains the former three samples, as seen in Figures 9(a) -9(c). It is observed from their velocity spectrum that these records are almost characterized as the narrowband properties.
is indicates that their long-period characteristics are dependent upon one or two dominant periods, in opposition to broadband long-period characteristics shown in Figure 8 . In order to illustrate variations pertaining to mechanisms, the process of obtaining a truncated wave differs from that used in positive records (described above). Specifically, the portion of each record is truncated prior to its arrival time t(f corner ), as is marked with red dashed lines in velocity-time series shown in the first three plots. It is found that the truncated waves, consisting of early arrival amplitudes, : Scatter plots of predictive variables of corner frequency and energy ratio for the classifications. Note that the representation of the false positive is manually classified as a long-period record but is identified as a non-long-period record by using the proposed method; the black line signifies the boundary to demarcate two discrete categories. is contrasts with the expected long-period motions whose long-period characteristics are controlled by later-arriving surface waves. Although these three samples share similar long-period characteristics with the positive records in terms of the velocity spectra, they exhibit variations in the mechanism.
us, it is suggested that the proposed method is suitable for the identification of longperiod motions whose broadband long-period characteristics are controlled by later-arriving long-period waves.
Meanwhile, the latter two samples, CHB002EW and CHB028EW, from Tohuku, M9, earthquake, also show the same mechanism as the positive records, as later-arriving amplitudes make significant contributions to their longperiod characteristics (red dashed lines) in Figures 9(d) and 9(e). Furthermore, in order to investigate the influence of the energy ratio, the two positive records of CHB009EW and TKY024EW described above are involved in the following illustrations, considering that they present similar corner frequencies to those of the latter two samples. en, Figure 10 illustrates the comparisons of the Fourier amplitude spectrum in terms of truncated waves and complete records. e frequency domain in Figures 10(a)-10(d) is divided into low-and high-frequency band according to the corner frequency f corner . It is clear that the complete records of CHB002EW and CHB028EW have two dominant frequencies, which are dispatched in low-and high-frequency bands, respectively. is gives rise to a relatively low ratio of energy carried by the later-arriving amplitudes to the total energy of the complete record. In contrast, both positive records have one dominant frequency which is incorporated into the low-frequency band, and there are apparent contributions of the low-frequency band to the total energy.
It is concluded that the proposed method is in favor of the motions whose later-arriving long-period amplitudes provide significant contributions to the total energy in the frequency domain. It is possible that the use of a velocity trace as a surrogate for an acceleration trace in the calculation of the energy ratio may cause variations. is is due to the fact that the amplitudes at high frequencies in the acceleration trace would lose prominence, if their phases are not continuous when integrating to velocity traces. In light of this, the proposed method appears to bias towards the motions which have low energy ratio in the acceleration trace but present the narrowband long-period properties in the velocity trace. However, such motions can be easily identified in the form of the velocity spectrum with one dominant period.
Significance of Long-Period Properties in Terms of Response Spectrum
It is documented that long-period motions exert significant influences on long-period structures in view of the response spectrum [30] . us, the selection of the long-period motions to conduct design and/or performance evaluation for the long-period structures is essential, as receives much attention from engineering communities [3, 33, 34] . In this regard, the significance of long-period characteristics is further examined in the context of the acceleration response spectrum. Figure 11 exhibits the distribution of the predictors for 748 records used in the training dataset described in pervious section. It can be seen from the figure that the predictors of the identified long-period records are clustered above 0.8, while the remaining classifications, including the misclassified and non-long-period records, overlap in regions where the predictors mainly range between 0.2 and 0.8. en, 748 records were divided into three groups in terms of the predictors: 228 identified long-period ground motions with predictors ≥ 0.8, 463 records with predictors < 0.2, and 57 records with 0.2 ≤ predictor < 0.8, each of which is shown in Figure 11 . en, a normalized acceleration response spectrum (β spectrum) with a 5% damping ratio is defined as an equation of Sa/PGA (Sa represents values of an acceleration response spectrum; PGA represents the peak value of an acceleration), by which the characteristics of frequency content are able to be reflected by excluding variations of the intensities of the ground motions. As a consequence, the mean β response spectrum for each group is illustrated in Figure 12 . In general, with an increase of predictors, the significance of the long-period characteristics becomes increasingly obvious. e mean β response spectrum of the group with predictors above 0.8 presents overwhelming long-period characteristics among the three groups, and its ordinates at longer periods are considerably greater than those of other groups, with the exclusion of the periods shorter than 1 sec.
Besides, comparisons of the mean β response spectrum with respect to site classifications are carried out in long-period and non-long-period classifications, respectively, and corresponding results are displayed in Figure 13 . As observed from Figure 13(a) , local site effects on the identified long-period ground motions are not expected to comply with the rule that the amplifications are closely correlated with site conditions referring to v 30 (average shear-wave velocity of a profile up to 30 m), except for short periods (≤1.5 sec) during which the E sites are larger than both C and D sites. is irregular trend pertaining to site classifications is consistent with the conclusions suggested by Joyner [20] and Abraham [35] , as amplifications of long-period motions over long-periods (≥1 sec) are mainly dependent upon nonlinear responses caused by irregular geological structures (such as basins). In contrast, Figure 13 (b) indicates that the trend for β response spectra of the identified non-longperiod motions is correlated with local site effects, as the values of E sites are significantly greater than those of C and D sites from the middle to long-period range. Moreover, it should be noted that the values of the long-period motions are systematically greater than those of non-long-period motions, irrespective of site conditions, accounting for the significance of long-period characteristics of the identified long-period motions. As illustrated in Figure 13 , the variations of long-period characteristics with respect to the predictors are presented, and the proposed method has the potential to provide an estimation of long-period characteristics. Furthermore, the influence of local site effects on amplifications of long-period ground motions differs from that of non-long-period ground motions, suggesting that the amplifications according to classification sites are not applicable to longperiod motions triggered by geological sites. erefore, amplifications resulting from distant basins should be incorporated into possible seismic hazard analysis (PSHA) in order to assess performance of long-period structures, considering the fact that the significance of longperiod characteristics derived from non-long-period motions is not comparable to that derived from long-period motions, especially over longer periods.
Conclusion and Discussion
is paper proposes a method for quantitatively identifying far-field long-period ground motions. Envelope delays are obtained from the calculation of an acceleration-time history by means of phase derivatives, wherein the relative arrival times in the envelope of acceleration series are dependent on frequencies.
Due to the amplification of surface waves, the laterarriving components with low frequencies carry the large energy value relative to the total energy of a ground motion. In this regard, the main principle pertaining to the calibration of long-period ground motions is developed with the aid of the predictive variables: (1) the combination of the corner frequency f corner with corresponding arrival time t(f corner ) determines the later-arriving long-period waves in terms of frequency and time domains; (2) the energy ratio E ratio is regarded as a quantitative index for energy in order to estimate the intensity of later-arriving long-period waves relative to the total energy. For the purpose of separating the long-period ground motions from non-long-period ground motions, the threshold value of 0.8 as the result of logistic regression is proposed. e analysis of the classification results associated with positive and false positive records provides insight into the effectiveness of the proposed method, by which the differentiation of long-period motions whose long-period properties are determined by the later-arriving amplitudes from those determined by early long-period amplitudes is attained.
Furthermore, comparisons of mean β response spectra with respect to the predictors indicate that the long-period properties are consistent with the predictor-based groups, suggesting that the predictors are suitable for the estimation of the long-period properties. In addition, preliminary investigations relating local site effects to long-period properties for long-period and non-long-period motions, respectively, suggest that amplifications of long-period motions, resulting from distant basins, are independent of site classifications based on site properties at shallow depths.
is means that such motions should be incorporated into a set of ground motions selected for design and/or performance assessment of long-period structures, as long-period ground motions resulting from distant sedimentary sites are not often considered in the application of PSHA.
It is noteworthy that the proposed method specializes in the determination of broadband long-period properties, which are presented in the form of later-arriving long-period amplitudes. However, the method may lose efficiency in determining the motions whose long-period properties are Data Availability e data used for conducting classifications are available from the corresponding author authors upon request. Advances in Civil Engineering 19
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